Woodlands sheep have a putative genetic mutation (FecX2 W ) that increases ovulation rate. At present, the identity of FecX2 W is unknown. The trait does not appear to be due to the previously described mutations in bone morphogenetic protein 15 (BMP15), growth differentiation factor 9 (GDF9), or bone morphogenetic protein receptor type 1B (BMPR1B) that affect ovulation rate in sheep. Potentially, FecX2
INTRODUCTION
Several lines of sheep have been identified with naturally occurring genetic mutations affecting ovulation rate [1] . We along with others have identified three separate but functionally related genes as being associated with regulation of follicular growth and ovulation rate [2] [3] [4] [5] [6] [7] . In Inverdale, Hanna, Cambridge, and Belclare sheep, several point mutations have been identified in the bone morphogenetic protein 15 (BMP15, also known as GDF9B) gene [2, 7] , and in some Cambridge ewes, a single point mutation has been identified in the closely related gene, growth differentiation factor 9 (GDF9) [7] . Each of the above point mutations results in an increased ovulation rate in heterozygous carriers, whereas primary ovarian failure is observed in those that are homozygous carriers. In Booroola, Garole, Hu, Han, and Javanese sheep, a common point mutation in the bone morphogenetic protein receptor type 1B (BMPR1B, also known as ALK6) gene has been identified [6, 8] , and an increased ovulation rate/litter size is observed in ewes that are heterozygous for the mutation, with further increases observed in ewes that are homozygous carriers. BMPR1B has been identified as a potential receptor for BMP15 [9] , suggesting that the underlying mechanisms used to increase ovulation rate in these lines of sheep may be very similar. In support of this hypothesis, the effects of inheriting both a BMP15 and BMPR1B mutation results in a greater-thanadditive effect on ovulation rate [10] . In addition, many of the functional changes observed in follicles of ewes with mutations in BMPR1B, such as increased responsiveness to FSH and an earlier maturation of the granulosa cells, as indicated by an earlier onset of LH-R expression, are also observed in follicles from ewes with mutations in the BMP15 gene [11] . In addition, effects on oocyte development are observed in ewes with mutations in the BMP15 [10] or BMPR1B gene [4, 12] , as well as in ewes actively immunized against BMP15 or GDF9 [13] . Thus, these unique sheep lines have highlighted the role of members of the transforming growth factor-b superfamily in regulation of follicular growth and ovulation rate.
Recently, we have identified two additional lines of sheep with inheritance patterns consistent with a major mutation in a gene(s) leading to an increase in ovulation rate by 0.2-0.4, namely, the Woodlands and the Metherell lines [14, 15] . Both of these lines were established from the same founding bloodlines of Coopworth sheep in the 1960s, and thus share a common ancestry, although they have been independently selected over the past 6-10 generations. These lines of sheep are extremely unusual in that the inheritance pattern of ovulation rate suggests that the mutation is located on the X chromosome and is maternally imprinted [14, 15] . This imprinting extends not only to silencing of the gene in daughters inheriting the putative gene (termed Woodlands gene hereafter) from their dams, but also to silencing in daughters of rams that have inherited it from a dam actively expressing the Woodlands gene. Therefore, increased ovulation rate only occurs in ewes that have inherited the Woodlands gene from a sire who inherited it from a dam that was a carrier but did not have an increased ovulation rate (i.e., a ''silenced'' carrier). Based on this very unusual inheritance pattern, it is most likely that the gene responsible in both of these lines of sheep (i.e., Woodlands and Metherell) is identical. However, whether the mutation underlying the observed phenotype is different between Woodlands and Metherell lines, as has been found with the BMP15 mutations in Inverdale, Hanna, Belclare, and Cambridge sheep [2, 7] , or identical, as has been found in the BMPR1B mutations in Booroola, Garole, Hu, Han, and Javanese sheep [6, 8] , remains to be determined.
The mechanisms by which the Woodlands gene is affecting ovulation rate are unknown. To our knowledge, the complex pattern of inheritance described above has not previously been described for any known mutation affecting ovulation rate in any species. The carrier animals have been tested for the mutations previously found in the Booroola and Inverdale lines [7] , and these mutations are not present. However, given that the Woodlands mutation is found on the X-chromosome, it is possible that other as-yet unidentified mutations in BMP15 may underlie the observed increase in ovulation rate in these ewes. As GDF9 and BMP15 function cooperatively to regulate granulosa cell function [16, 17] and ovulation rate [7] , the potential exists for the ovulation rate increases in Woodlands ewes to arise from hitherto unidentified mutations in either GDF9 or BMP15. Alternatively, the mutation may affect ovulation rate by changing the expression patterns of the BMPR1B, BMP15, or GDF9 genes. In addition, since BMPR2 is involved in signal transduction for both BMP15 [18] and GDF9 [9] , and TGFBR1 is involved in signal transduction for GDF9 [19] , changes in expression pattern of these genes might also affect ovulation rate. Therefore, the objectives in these experiments were to determine the full coding sequence of BMP15 and GDF9 genes in Woodlands animals and examine the patterns of expression of mRNA encoding GDF9, BMP15, TGFBR1, BMPR1B, and BMPR2 during follicular development in ewes heterozygous for the Woodlands mutation and their wild-type contemporaries. Given that different ovarian follicular characteristics are evident in sheep with mutations in BMP15 and BMPR1B [11] , the follicular populations in Woodlands expresser carriers and wild-type contemporaries in the present study were examined using standard morphometric methodologies.
MATERIALS AND METHODS
All experiments were performed in accordance with the 1999 Animal Welfare Act Regulations of New Zealand. All animals had ad libitum access to pasture and water. Except where indicated, laboratory chemicals were obtained from BDH Chemicals New Zealand Ltd. 
Identification of Carrier Woodlands Ewes
Matings between Coopworth ewes and fully phenotyped [15] Woodlands rams (two W/Y expresser, six þ/Y rams) were used to generate Woodlands expresser (Wþ) ewes and wild-type contemporaries (þþ). As the Woodlands gene is located on the X chromosome, all daughters of an expresser Woodlands ram carry the gene in the active form. Two of the Coopworth ewes used to generate the Wþ ewes were known to be from maternal sheep lines with the Woodlands gene and thus could have been carriers of the Woodlands gene. However, as the Woodlands gene is maternally imprinted, any Woodlands gene inherited from the maternal side has been silenced. Between January and March (summer to early autumn), ovaries were collected from age-matched ewes (n ¼ 6 per genotype) between 8 and 9 years of age. Although these ewes were older than most in commercial flocks, our flock records revealed that ovulation rates of 8-to 9-year-old ewes were 5% higher than those of 2-to 7-year-old ewes, and litter sizes were identical. One ovary from each ewe was fixed in paraformaldehyde for the in situ hybridization studies, whereas the other ovary was fixed in Bouin fixative for morphometric analyses.
Sequencing of the BMP15 and GDF9 Genes in Carrier and Noncarrier Animals DNA was isolated from the venous blood samples of four Woodlands carrier animals (Wþ) and two contemporary noncarrier animals (þþ) from the Woodlands line. DNA encoding fragments of GDF9 and BMP15 were generated using primers B-13, B-28, B-25, B-4, G-1, G-4, G-5, G-7, and G-9 as described [7] . Additional sequence was obtained using primers designed from published sheep sequences (sheep genomic BMP15 exon 1, AF236078; sheep genomic BMP15 exon 2, AF236079; sheep genomic GDF9 exons 1 and 2, AF078545; B-41, 5
0 -CTCAGAGTGTTCAGAAGACC-3 0 ; B-20, 5 0 -CAT GATTGGGAGAATTGAGACC-3 0 ; G-9, 5 0 -GAAGCCTTCACAGGGTCCT GAC-3 0 ; and G-10, 5 0 -TGACTGAAGCTGGAACCAGAGG-3 0 . The resulting PCR products were sequenced on an ABI3100 genetic analyzer (Applied Biosystems, Foster City, CA).
In Situ Hybridization
Cellular localization of mRNAs was determined using the in situ hybridization protocols described previously [2, 4, 20, 21] . The ovine GDF9 cDNA was generated from ovarian total cellular RNA by RT-PCR using the primers 5 0 -CCTCGAGAAAAGAGAGGCTGAAGCTGACCAGGA GAGTGCCAGCTCTGAA-3 0 and 5 0 -GGGAATTCTTAATGGTGATGGT GATGGTGACGACAGGTACACTTAGTGGCTATCA-3 0 (corresponds to bases 3859 to 3882 and 4238 to 4263 of the ovine genomic sequence [22] plus additional bases for subcloning) with the following conditions: 35 cycles of denaturation at 948C, 30 sec, annealing at 558C, 1 min, extension at 728C for 2 min, with a final extension of 10 min at 728C. The resulting product was ligated into pGEMTeasy and sequenced to confirm identity. Sense and antisense RNA probes were generated from cDNA encoding the gene of interest with T7 or SP6 RNA polymerase using the Riboprobe Gemini system (Promega).
For all in situ hybridizations, 4-to 6-lm tissue sections were incubated overnight at 50-558C with 45 000 cpm/ll (approximately 48 000 dpm/ll) of 33 P-labeled antisense RNA. Nonspecific hybridization of RNA was removed by RNase A digestion, followed by stringent washes (23 SSC, 50% formamide, 658C; and 0.23 SSC at 378C). After washing, sections were dehydrated, air dried, and coated with autoradiographic emulsion (LM-1 emulsion; Amersham Pharmacia Biotech New Zealand). Emulsion-coated slides were exposed at 48C for 2-3 wk and developed for 3.5 min in D19 developer (Eastman Kodak, Rochester, NY). Development was stopped using a 1-min incubation in 1% acetic acid, and slides were fixed with a 10-min incubation in Ilfofix II (Ilford Limited, Cheshire, England). Sections were stained with hematoxylin and then viewed and photographed using both light and dark field illumination on an Olympus BX-50 microscope (Olympus New Zealand Ltd., Lower Hutt, New Zealand). Specific hybridization was determined for each gene in all follicular types (types 1-5) [23] in at least three animals for each genotype. Nonspecific hybridization was monitored by hybridizing at least two tissue sections from each genotype with approximately equal concentrations of the sense RNA for each gene. For all genes, hybridization of the sense RNA over the tissue section was similar or lower in intensity to that observed on the areas of the slide not containing tissue of both the sense and antisense hybridized slides, and thus was considered nonspecific.
Quantification of Level of Gene Expression
Intensity of the hybridization signal was determined by counting the number of silver grains in the cell(s) of interest using the touch count function of the Analysis software (version 3.2; Olympus Soft Imaging Solutions, Lower Hutt, New Zealand) following capture of the image with an Olympus DP12 camera. As GDF9 and BMP15 are expressed exclusively in the oocyte, signal for these genes was only quantified in this cell within the follicle. For TGFBR1, BMPR1B, and BMPR2, counts were made separately in the oocyte, granulosa, and theca cells. Measurements in theca were only undertaken for types 3-5 follicles due to the difficulty in discerning theca in types 1 and 2 follicles. The area for counting was chosen at random. The area of the cell(s) of interest was
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W EWES calculated using the Analysis software and the intensity of silver grains expressed as a function of this area. Between one and three slides were analyzed per animal. Moreover, each follicular type (i.e., types 1-5) was observed in at least three animals for each genotype. On each slide, up to five follicles of each type were analyzed. If more than five follicles of one type were present, five follicles were chosen at random for analysis. If five or fewer follicles of a particular type were present on a slide, all follicles of that type were analyzed. Background hybridization was determined for each slide by choosing five areas that did not contain tissue and determining the silver grain intensity in these areas. When available, these areas were in the antrum of type 5 follicles; otherwise, areas of the glass slide just outside of the ovarian cortex were chosen.
Morphometric Analyses
Ovaries were serially sectioned (5 lm), and every 10th and 11th section was mounted on a slide and stained with hematoxylin and eosin. Areas of the whole ovary as well as the ovarian cortex were estimated using point counting with a 10-mm grid for the cortex and a 20-mm grid for the whole ovary, with every 10th slide being measured (with the first slide examined being a random slide between 1 and 10). The ovarian cortex was defined as the outer region of the ovary containing all the germ cells. Volume (V) was calculated in lm 3 by the Cavalieri principle [24, 25] using the formula V ¼ P aÁh, where a ¼ the cross-sectional area and h ¼ the distance between sections (lm).
The numbers of type 1/1a (primordial) follicles were estimated using the dissector method [26] [27] [28] . A minimum of 10 slides were examined per ovary. An area of cortex was chosen randomly and measured (a (f) ). Type 1/1a follicles (using the oocyte nucleus as a reference) were identified in the first section and those in the adjacent section that were not identified in the first section were counted (Q). The total follicular count (n) for each follicular type was derived using the formula n ¼ [
V, where h (p) ¼ the distance between each pair. For types 2, 3, 4, and 5 follicles, every slide was examined and all follicles were counted. Given the known diameter of follicles and the distance between sections mounted on slides, this method will only detect a proportion of the type 2 follicles, whereas the larger types 3, 4, and 5 follicles should be all detected. All follicles that were counted were classified as nonatretic or atretic. An atretic classification was given if the follicle contained any of the following: .10 pyknotic theca cells, .5 pyknotic granulosa cells, a disorganized thecal or granulosa layer, loss of basement membrane integrity, or a deformed oocyte nucleus.
The diameters of follicles and oocytes were measured using a Leica DMR microscope (Global Science, Auckland, New Zealand) linked to Analysis software (version 3.2). For each follicle, two measurements of diameter were made at right angles to each other and then averaged.
Statistical Analyses
Numbers of follicles were analyzed using a generalized linear model with a Poisson distribution and a logarithmic link to model the data. Oocyte and follicular diameters were transformed (natural log) before applying ANOVA, and ewe was included as a block. Differences in the proportion of atretic type 5 follicles were analyzed using a generalized linear model with a binomial distribution and a logit link to model the data. Concentrations of mRNAencoding genes of interest were analyzed with two-way ANOVA. In all cases, a P value of , 0.05 was considered significant.
RESULTS

DNA Sequences of BMP15 and GDF9 in Wþ and þþ Ewes
Sequencing of the coding DNA for BMP15 in heterozygous Wþ carries and wild-type þþ sheep revealed no singlenucleotide polymorphisms (SNPs) or insertions or deletions. Sequencing of the coding DNA for GDF9 in heterozygous Wþ carriers and wild-type þþ sheep revealed one SNP, which has been previously described as variant G5 [7] in one Wþ and one þþ animal. G5 is an A-G nucleotide substitution at coding base position 978 that leaves the glutamate residue unchanged and which has been seen in a number of sheep from a variety of breeds. No insertions or deletions were identified in GDF9. None of the previous functional mutations observed in these genes in Inverdale, Hanna, Belclare, or Cambridge sheep were present.
Expression of mRNAs in Wþ and þþ Ewes GDF9 and BMP15. Concentrations of GDF9 mRNA in oocytes were different (P 0.01) in different types of follicles, with an approximately 2-fold increased expression observed between types 1 and 2 follicles, but no differences were found between genotypes (Fig. 1) . The concentrations of BMP15 mRNA in oocytes differed (P , 0.001) among types of follicles (Fig. 1) , with expression increasing approximately 2-fold as follicles progressed from type 2 to 4 in maturation. There was a trend toward a genotype effect (P ¼ 0.102) on BMP15 mRNA expression, but no interaction between genotype and follicular type. However, a genotype difference was noted when the data for type 4 and 5 follicles were combined (P , 0.05), with a 30% decrease in BMP15 mRNA expression in Wþ compared with þþ oocytes (Fig. 2) .
TGFBR1 mRNA. Both genotype (P , 0.05) and follicular type (P , 0.01) affected the concentrations of TGFBR1 mRNA in the oocyte, but no interactions between genotype and follicular type were noted (Fig. 3) . Concentrations of TGFBR1 mRNA in oocytes were higher in types 1-4 follicles (0.018-0.28 silver grains/lm 2 ) than in type 5 follicles (0.006 silver grains/lm 2 ). Overall, the concentration of TGFBR1 mRNA expressed in oocytes of þþ follicles was 19% less than expression in oocytes of Wþ follicles. In granulosa cells, the concentrations of TGFBR1 differed among follicular types (P , 0.01) but were not affected by genotype (Fig. 3) . Expression of TGFBR1 mRNA in granulosa cells doubled between types 1-3 follicles, and intensity of expression appeared to reach a plateau at this stage. Concentrations of TGFBR1 mRNA were consistently low in the theca, with no effects of either genotype or follicular type noted (Fig. 3) .
BMPR1B mRNA. Expression of BMPR1B mRNA in the oocyte was affected by both follicular type (P , 0.001) and genotype (P , 0.01), but there were no interactions (Fig. 4) . Concentrations of BMPR1B mRNA in the oocyte peaked in type 2 follicles, with expression being lower in types 4 (0.006 silver grains/lm 2 ) and 5 (0.003 silver grains/lm 2 ) follicles compared with types 1 (0.017 silver grains/lm 2 ), 2 (0.022 silver grains/lm 2 ), and 3 (0.015 silver grains/lm 2 ) follicles. Overall, the expression of BMPR1B mRNA was 24% greater in þþ compared with Wþ oocytes, with this difference being most evident in the type 1 follicles. Concentrations of BMPR1B mRNA in granulosa cells were also affected by both genotype (P , 0.01) and follicular type (P , 0.01), but no interactions were observed (Fig. 4) . Expression was very low in type 1 follicles (0.007 silver grains/lm 2 ), with an increased level of expression observed in type 2 follicles (0.025 silver grains/ lm 2 ). The concentration of BMPR1B mRNA in granulosa cells of type 2 follicles was slightly increased compared with types 3 (0.017 silver grains/lm 2 ) and 4 (0.019 silver grains/lm 2 ) but not type 5 (0.023 silver grains/lm 2 ) follicles. Overall, a small (21%) but consistent decreased expression of BMPR1B mRNA in the granulosa cells of Wþ follicles was observed compared with granulosa cells of þþ follicles (Fig. 2) . Low concentrations of BMPR1B mRNA were consistently expressed in the theca, with no effect of either genotype or follicular type observed (Fig. 4) .
BMPR2 mRNA. Neither genotype nor follicular type affected concentrations of BMPR2 mRNA in the oocytes (Fig. 5) . In granulosa cells, concentrations of BMPR2 mRNA were affected by follicular type (P , 0.01) but not genotype (Fig. 5) . Concentrations of BMPR2 mRNA in granulosa cells increased slightly between types 1 (0.020 silver grains/lm 2 ) and 2 (0.027 silver grains/lm 2 ) follicles, fell significantly in types 3 (0.018 silver grains/lm 2 ) and 4 (0.019 silver grains/ 992 FEARY ET AL. lm 2 ) follicles, but then increased such that expression in type 5 follicles (0.020 silver grains/lm 2 ) was not different from that observed at the 1, 3, or 4 stages, although concentrations did not reach the peak observed in type 2 follicles. Expression of BMPR2 mRNA in theca differed with respect to follicular type (P , 0.05) but not genotype (Fig. 5) . Expression of BMPR2 mRNA was greater in type 3 than in type 4 follicles, with expression in type 5 follicles being intermediate.
Characterization of Ovarian Follicles in Wþ and þþ Ewes
Numbers and measurements of follicles. The numbers of nonatretic types 1-4 follicles did not differ between genotypes. However, Wþ ewes had an increased number (P , 0.05) of nonatretic type 5 (antral) follicles compared with þþ ewes (Table 1) . Further characterization of the type 5 follicles indicated that the Wþ ewes had approximately twice as many (P , 0.05) type 5 follicles 1 mm in diameter compared with þþ ewes. However, there were no differences between the genotypes in the number of follicles .1 mm in diameter. Genotype did not affect the number of atretic follicles, but due to the increased number of nonatretic type 5 follicles in Wþ ewes, the proportion of type 5 follicles that were atretic was lower (P , 0.01) in Wþ ewes than in þþ ewes. The mean diameters of types 1-4 follicles or oocytes did not differ between genotypes (Table 1) . However, the mean diameter of type 5 follicles in Wþ ewes was smaller compared with that in þþ ewes (P , 0.001). The mean diameter of the oocyte also was smaller in type 5 follicles of Wþ ewes compared with þþ ewes (P , 0.001). However, when oocyte diameter was expressed as a fraction of follicular diameter, the oocytes in type 5 follicles were proportionally larger (P , 0.01) in Wþ ewes than in þþ ewes.
Follicular morphology. Differences in morphology of type 5 follicles were noted between genotypes (Fig. 6) . Many (36%) of the type 5 follicles 1 mm in diameter in the Wþ ewes were unusual in their shape. For example, the antrum did not display the usual pattern of development and the number of layers of granulosa cells was more consistent with that normally observed in type 4 follicles. Fewer than 1% of the follicles 1 mm in diameter in the þþ ewes had this unusual morphology. These unusual follicles were not atretic using the above described criteria for atresia.
DISCUSSION
Genetic differences in the ovulation rate of Woodlands ewes have previously been reported [15] , but the physiologic mechanisms that underlie the increase in ovulation rate in (A, B) . Similarly, expression of BMPR1B mRNA is less in the granulosa cells of an antral follicle from a Wþ ewe (G, H) compared with a þþ ewe (E, F).
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W EWES FecX2 W ewes are not known. As the inheritance pattern of ovulation rate is consistent with a mutation located on the X chromosome, it is possible that an unidentified mutation in BMP15, a gene known to regulate ovulation rate in sheep, could be responsible for the increased ovulation rate. However, complete sequencing of the coding sequence of the BMP15 gene failed to link any variation in the sequence of this gene to the increased ovulation rate observed, indicating that a mutation in this region of the BMP15 gene can be discounted as contributing to the enhanced ovulation rate observed in the ewes with an active copy of the Woodlands gene. Potentially, mutations in other regions of the BMP15 gene could be present.
Expression of BMP15 mRNA was decreased approximately 30% in oocytes of Wþ ewes compared with expression in þþ ewes. Although the differences in BMP15 mRNA expression were only seen in late preantral and in antral follicles, BMP15 is known to be essential for the later as well as the early stages of follicular development in sheep [13] . Multiple mutations in BMP15, with potentially differing actions on the biologic activity of the resulting protein, have been identified. Based on the differing effects of these mutations on ovulation rate, a predictive equation for ovulation rate based on the biologic activity of BMP15 compared with a wild-type sheep has been developed [29] . Assuming that a 30% decrease in BMP15 mRNA would result in a 30% decrease in BMP15 biologic activity, the predicted ovulation rate of FecX2 W ewes would be approximately 120% of wild-type ewes, which is exactly the actual increase observed in a previous study of the Woodlands line [15] . Thus, decreased concentrations of BMP15 mRNA may underlie the increased ovulation rate observed in FecX2 W ewes.
Another gene that regulates ovulation rate in sheep is GDF9. Although this gene is not located on the Xchromosome, and thus is an unlikely candidate, previous studies in lines of sheep with high ovulation rates revealed multiple mutations in BMP15 and GDF9 segregating together [7] . Such co-segregation masked the ready identity of the Xlinked component in segregation studies. Therefore, given the unusual pattern of inheritance seen in Woodlands sheep, it was important to rule out the possibility that alterations in the sequence and function of this gene might affect ovulation rate, either directly or indirectly. However, no sequence variations linked to ovulation rate were found in the coding region of GDF9. Moreover, no genotype differences were observed in the concentrations of GDF9 mRNA expressed in oocytes, indicating that there are no overall net differences resulting from the effects of transcription and degradation of the mRNA.
It is possible that changes in expression of genes for the receptors of either GDF9 or BMP15, namely, BMPR2, TGFBR1, and BMPR1B, could influence ovulation rate in ewes expressing the Woodlands gene. However, as with GDF9, none of these genes are located on the X-chromosome, so their effects are likely to be indirect. While no differences were observed in the expression of BMPR2 mRNA between Wþ and þþ ewes, differences were observed in the expression of TGFBR1 in the oocyte and BMPR1B in both the oocyte and granulosa cells.
The mechanisms by which alterations in expression of mRNA for the type I receptors for GDF9 (i.e., TGFBR1) and BMP15 (i.e., BMPR1B) in oocytes might affect ovulation rate is unknown. GDF9 has been implicated in the transition of a follicle from a preantral to an antral stage, with the in vitro addition of oocytes or GDF9 inducing many of the changes observed in granulosa cells progressing from preantral to antral stages of development [30] . This appears to be an important transitional stage in follicular development. In mice, this stage signifies the differentiation of granulosa cells into cumulus and mural granulosa cell phenotypes, each with more specialized functions. The increased expression of TGFBR1 mRNA observed in the oocytes of the ewes expressing the Woodlands gene could be associated with advancing the development of the cumulus and mural granulosa cell phenotypes. In the present study, significantly more follicles in the Wþ ewes showed evidence of earlier formation of an antrum with fewer layers of granulosa cells. This may be a consequence of enhanced signaling by GDF9 due to higher concentrations of TGFBR1 mRNA in the oocyte.
Expression of BMPR1B mRNA was also altered during follicular development. A mutation in BMPR1B that is known to increase ovulation rates in ewes heterozygous or homozygous for the mutation has previously been identified [29] . The mutated receptor has been shown to be less responsive to BMPs, suggesting that the mutation decreases the signaling ability of the receptor although basal activity of the receptor may be increased slightly [31] . A decreased sensitivity of granulosa cells to BMP15 due to decreased expression of BMPR1B might provide a similar physiologic signal, as observed in ewes heterozygous for inactivating BMP15 mutations or heterozygous or homozygous for the identified BMPR1B mutation. Further support that the decreased level of BMPR1B mRNA expression might underlie, at least in part, the increased ovulation rate observed in these ewes comes from the known interaction of these genes in regulating ovulation rate in sheep in vivo [32] . Ewes that carry mutations in both the BMPR1B and BMP15 genes, as well as the Woodlands allele, have very high ovulation rates, and the effects of the genes appear synergistic [32] . Thus, it appears that all three genes alter ovulation through the same or interacting pathways.
The numbers of preantral follicles were not different between Wþ and þþ ewes. As BMP15 and GDF9 are essential for early follicular development, preantral follicular development is impaired in ewes homozygous for mutations in either gene [7, 33, 34] ; however, no differences were observed in the numbers of primordial or primary follicles between 
heterozygous (Iþ) Inverdale ewes compared with wild-type controls [27] , indicating that these growth factors do not regulate the numbers of follicles formed or entering the growing pool. In contrast, the numbers of preantral follicles have been shown to be increased in ewes homozygous (BB) for the Booroola mutation [35] . Ewes expressing the Woodlands gene had increased number of small antral follicles. Differences in the numbers of antral follicles ,1 mm in diameter has not been examined in Iþ ewes; however, increased numbers of follicles 1-2.5 mm, but not .2.5 mm, in diameter have been observed in Iþ animals [36] . Moreover, as the proportion of nonatretic follicles in Iþ ewes was not different from the þþ ewes, Iþ animals appear to have more nonatretic follicles available to be recruited for ovulation. This is consistent with the higher ovulation rates observed after superovulation treatments in Iþ compared with þþ ewes [37] . However, ewes immunized with BMP15 that continued to have reproductive cycles had numbers of antral follicles ,1 mm in diameter similar to those in control immunized ewes [13] . Similarly, the number of antral follicles do not differ between BB and þþ ewes [35] . Thus, while alterations in numbers of follicles at specific developmental stages are observed in ewes carrying the Woodlands, Inverdale, or Booroola gene, the developmental stages at which these differences are observed were different among the three lines of sheep.
Overall, the diameters of oocytes and follicles at the type 5 stage were smaller in Wþ follicles than þþ follicles. The smaller diameter of type 5 follicles observed in Wþ ewes was most likely related to the increased numbers of type 5 follicles ,1 mm in diameter. When oocyte diameter was examined as a proportion of follicle size, oocytes in Wþ ewes were actually larger than those observed in wild-type contemporaries. An increase in oocyte diameter for follicle size is a common feature of both Booroola and Inverdale ewes as well as ewes immunized against GDF9 or BMP15 [4, 12, 13, 27] . It is thought that this increased oocyte size is related to an enhanced developmental stage of the ovarian follicle that is accompanied by an enhanced responsiveness of the follicles to gonadotrophins. FIG. 6 . Photo micrographs of ovaries from wild-type (þþ) and Woodlands carrier (Wþ) ewes. A, B) Nonatretic follicle 0.43 mm in diameter from a þþ ovary showing normal theca (t), healthy granulosa cell layer (g), and typical centrally located developing antrum (a) separated from the basement membrane by multiple cell layers. C-F) Nonatretic follicles collected from two Wþ ewes. The follicle shown in C and D is 0.27 mm in diameter, whereas that in E and F is 0.38 mm in diameter. In C and E, arrows indicate disorganized theca area adjacent to developing antrum. In D and F, note also unusual development of the antrum further illustrated by arrows.
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In summary, follicular development is altered in ewes expressing the Woodlands gene. Formation of the follicular antrum occurred earlier in Wþ ewes, and in many of these the follicular structures were atypical. Expression of mRNAs encoding BMP15, TGFBR1, and BMPR1B was altered in Wþ ewes, potentially leading to alterations in the signaling pathways for the oocyte-derived growth factors GDF9 and BMP15. Given that mutations in GDF9, BMP15, or BMPR1B alter ovulation rates in sheep and that the Woodlands gene is known to interact with the BMP15 and BMPR1B gene to induce very high ovulation rates, it is proposed that alterations in expression of the BMP15, TGFBR1, and/or BMPR1B genes contribute to the increased ovulation rate observed in Wþ ewes.
